Direct observation of mating behavior in the Japanese giant flying squirrel (Petaurista leucogenys) in a temperate mixed forest, central Japan, was carried out for 976 nights over an 8-year period (1983-1991). A total of 153 mating dates was observed involving 35 different adult females. Two mating seasons were apparent, 1 in early summer from mid-May to mid-June (range 36 days) followed by 1 in winter from mid-November to late January (74 days). Each female came into estrus twice a year and mated on 1 night in each mating season. Mothers with nursing young came into estrus relatively later within a mating season. No difference was observed in the proportion of mothers mating in each season, and the mild winter conditions enabled reproductive investment by females during winter. Each reproductive bout (from conception to weaning) required 4-6 months, and mature females were engaged in reproduction all year. The biannual reproductive strategy is thought to be compensated for by a small litter (1 or 2 young). The initiation of feeding by the recently weaned offspring coincided with the months of highest food availability in spring and autumn.
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Holarctic tree and flying squirrels in the family Sciuridae have 1 or 2 litters per year (Hayssen 2008 ). Parturition and lactation should coincide with the most favorable foraging periods for lactating females and weaned young, thus maximizing survival (Flowerdew 1987 ). This appears to be the case for arboreal sciurids distributed in temperate to cold climates, where 2 reproductive seasons per year (if present) take place during early spring to summer when food availability is generally high. However, no studies have reported the relationship between biannual reproduction and food availability for Holarctic arboreal squirrels.
Biannual reproduction appears common in the Japanese giant flying squirrel (Petaurista leucogenys), as was 1st reported by Sugawara (1981) . This species is the most intensively investigated among Petaurista, with its seasonal diets (Ando et al. 1985b; Kawamichi 1997a) , feeding behavior (Ando et al. 1985a) , gliding ability (Ando and Shiraishi 1993) , sexual maturity (Kawamichi 1997b) , seasonal regression of testes (Kawamichi 1998) , female territoriality (Kawamichi et al. 1987) , and gliding and positional behaviors (Stafford et al. 2002 (Stafford et al. , 2003 having been investigated. However, the link between biannual reproduction and food availability has never been clarified, although Kawamichi (1997a) documented ample availability of various vegetable food in May and September. I report on the biannual mating season of P. leucogenys and investigate factors that may affect timing of mating. In particular, the relationship between reproduction and food availability is discussed.
Procedure.-Mating surveys were conducted from April 1983 to January 1991. I spent a total of 976 nights attempting to observe mating bouts, consisting mainly of evening surveys throughout the 2 mating seasons known to exist each year. A total of 35 different resident females was observed, of which 13 were observed intensively in 6 or more mating seasons.
Females were tracked using a spotlight as they left their nests, or were detected during random walks through the study area. Locations, gliding routes, and frequently used trees were noted. The behavior of each squirrel was recorded in detail to the extent possible, including attempts to identify individuals.
Using binoculars, it was usually possible to identify each adult resident squirrel based on a combination of scars and pelage details, particularly the presence of various white tips on the tail. Distinguishing attributes were recorded for each encounter, and photographs were frequently taken for longterm identification. The identity of young individuals with few recognizable attributes was often possible through their association with adult females; for example, associated movement and nesting behavior.
At each sighting of a female the size of the vulva was estimated and classified (normal size and one-third, half, almost fully, and fully swollen), together with its color and shape (Kawamichi 1997b) . The condition of teats also was recorded as undeveloped, developed pink teats, or shrunken dark teats to determine the period when offspring still were suckling.
Proestrus and estrus.-After a female was 1st observed with a swollen vulva, its size and color were monitored repeatedly. Observation began in the late afternoon, usually before sunset, while I waited near known nests in tree hollows or wooden buildings. Females were followed after emergence from the nest, and all interactions with other squirrels were recorded, including copulation. When males were observed assembling on the territory of an estrous female, their behavior (including locations, signs of aggression between males, and intersexual interactions) were recorded repeatedly until mating night.
Once all mating interactions had ceased I searched for discarded white copulatory plugs in the shape of a half pipe, primarily around the mating trees. After ejaculation males use secretions from Cowper's gland to plug the vagina (T. Kawamichi, pers. obs.; Koprowski 1992) . Therefore, presence of copulatory plugs was considered strong evidence of mating. Also, after I observed mating behavior I returned the next night to the female's territory to confirm an absence of males. This was used to confirm that estrus had ended.
Statistical analyses.-Differences in durations of the yearly mating seasons were analyzed with a paired-sample t-test. To examine the difference of mating dates between mothers with young and nonmothers for each mating season, library ''nlme'' (linear and nonlinear mixed effects models) in R version 2.6.1 (R Development Core Team 2007) was used. A linear mixed effects model fit by REML (restricted maximum likelihood) ''lme'' was adopted. Female reproductive status was designated as a fixed effect, and longitudinal data (multiple mating dates of same individuals over repeated mating seasons) constituted a random effect (Table 1) .
Differences in the proportions of mothers mating between early-summer and winter mating seasons were analyzed using chi-square tests. Difference in duration between summer and winter intervals was analyzed using chi-square tests (with Yates' correction for continuity with 1 degree of freedom), with equal expected values for each class. Differences in the mating intervals between mothers with young and nonmothers were analyzed using a linear mixed effects model fit by REML ''lme.'' Mating intervals were designated as a fixed effect and study years as a random effect (Table 2) . Pearson correlation coefficients (rs) were estimated for the initiation of feeding and the proportion of mature leaves, and between the initiation of feeding and number of food items. Statistical analyses, other than those conducted using R version 2.6.1, were conducted with software JSTAT version 12.5 (Sato 2008) .
RESULTS
Onset of proestrus.-The earliest detectable change in the vulva during proestrus was a change in color to pinkish in a normal-sized vulva, or elongation of the vulva. This was observed as early as 42 days before mating. The vulva appeared most developed and swollen on mating night but became regressed and pallid in color by the next evening. The degree of shrinkage and discoloration showed individual variation. Proestrus also was indicated by the assembly of males on the female's territory and active movements and much vocal activity even before dark for males on most mating nights.
Mating observations.-A total of 153 mating nights involving 35 unique females was recorded over 8 years. Copulation (mounting and thrusting) was observed directly on 125 (81.7%) of the 153 mating nights. Mating was inferred on 16 nights (10.5% of sample) through 1 or more indirect signs of copulation. For females, these indirect signs included the presence of the copulatory plug and plug material. Also, mating was indicated by a wet uropatagial margin near 1 of the hind feet, a consequence of thrusting by the male. Indirect signs of copulation for males included grooming of the penis and presence of plug material on the tail. In the remaining 12 situations (7.8%) I had sufficient evidence to determine the precise mating dates. In these cases males guarded females on trees or in nests against other males (n 5 10 of the 12 situations). Chasing males uttered excited ''Qrr'' calls (n 5 9) that are heard only after mating (T. Kawamichi, pers. obs.). Also, a peak in male vocal activity and aggressive interactions among males were observed on each night of presumed mating (n 5 9). My failure to observe actual mating on these 12 nights was likely due to short observation time (n 5 10). However, on subsequent evenings (n 5 12), all previously interested males were absent from the female's territory, providing strong evidence that mating had occurred. The size of the female's vulva (n 5 5) had regressed and turned pallid in color by this time. Parturition subsequent to those mating nights (n 5 5) was confirmed within 6 months after mating.
Copulatory plugs often were exposed at the vaginal orifice but in some cases were not visible. Their existence often could be confirmed following removal by other males. Copulatory plugs were detected in 73 of all 153 mating nights. In most (60, or 82.2%) cases I was able to collect the plugs.
Duration of estrus.-Mating by females, and presumably estrus, were largely restricted to 1 night in each reproductive period. In 83 cases where mating was observed directly on 1 night, no mating activity or male vocalization, or both, occurred on the female's territory the following night.
Furthermore, 25 females were followed 90 times on the night preceding the observed matings (over all 153 mating nights) and in this sample, mating by a female over 2 consecutive nights was detected only twice (2.2% of the 90 matings, or 4.0% of the 25 females). Estrus in this female (female A) was observed 14 times, and on 11 of these occasions I also observed her on the night preceding the initial mating. On 2 of these occasions (December 1983 and November 1990) this female allowed mating on 2 consecutive nights (these 1st mating nights are omitted from the following calculation), and the duration of these events on the 1st mating night was very short (about 5 and 10 s in 1983, and 9 and 11 s in 1990). I never observed repeated matings over 3 consecutive nights for any female.
Biannual mating seasons.-The distribution of the 153 mating dates was clearly separated into 2 seasons per year (Fig. 1 ). An early-summer mating season occurred from 12 May to 16 June (36 days), followed by a winter mating season from 17 November to 29 January (74 days). Median dates for these seasons were 1 June (n 5 59 mating dates; 1st and 3rd quartiles, 22 May and 7 June, respectively) in early summer and 21 December (n 5 94; 1st and 3rd quartiles, 12 December and 1 January, respectively) in winter. The median duration of each mating season was 26 days (n 5 8 seasons; 1st and 3rd quartiles, 18.25 and 28.5 days, respectively; range 5 17-36 days) in early summer and 40.5 days (n 5 8; 1st and 3rd quartiles, 36.25 and 51.25 days, respectively; range 5 35-59 days) in winter. The early-summer duration was only 64.2% of the winter duration, and this difference was significant (t 7 5 25.09, P 5 0.001). The shorter early-summer mating season was confirmed both at the population level (Fig. 2) and through my records of individual females (Fig. 3) .
Female squirrels came into estrus twice a year. Two mating seasons per year were observed in 13 females that were observed over 6 or more mating seasons. For 10 of these females mating was observed in 4-15 successive mating seasons (i.e., 2-7.5 years). Furthermore, when evidence of mating was obtained from observations on mating nights and the presence of offspring born later, the actual occurrence of mating was confirmed in 87.7% (128) of 146 possible mating dates for those 13 females. Delayed estrus in mothers.-Mothers still nursing their young (2-4 months old) from the preceding reproductive bout appeared to come into estrus in the later part of each mating season, in both early summer and winter (Fig. 1) . Again, this trend was apparent at both the population level (Fig. 2 ) and for individuals (Fig. 3) . Most squirrels classified here as nonmothers had reared a litter but lost the pups by the onset of the next mating season.
Delayed estrus was concentrated in the early-summer mating season, when most of the mating (87.0%) occurred in June (Fig. 1) . In early summer the median mating date for mothers was 5 June (n 5 23 mating dates; 1st and 3rd quartiles, 4 and 10 June, respectively), and that for nonmothers was 25 May (n 5 34; 1st and 3rd quartiles, 20 May and 1 June, respectively). In the linear mixed-effects model this difference was significant (P , 0.001; Table 1 ). In winter the analogous median date for mothers was 3 January (n 5 29; 1st and 3rd quartiles, 19 December and 8 January, respectively), and that for nonmothers was 18 December (n 5 60; 1st and 3rd quartiles, 8 and 26 December, respectively). Again, this difference was significant (P , 0.001; Table 1 ).
The numbers of mating dates in mothers and nonmothers (excluding 7 unknown cases) were 23 and 34 for early summer, respectively, and 29 and 60 for winter. Although the proportion of mothers mating was slightly lower in winter (32.6%; 29 in 89 mating nights) than in early summer (40.4%; Interval between mating seasons.-The intervals between 2 successive matings for individual females were recorded 89 times for 17 females. The median summer interval (median duration from early summer to winter) for this sample of animals was 205 days (n 5 43 involving 16 females; 1st and 3rd quartiles, 194 and 222 days, respectively; range 5 173-245 days), and the winter interval (duration from winter to early summer) had a median of 162.5 days (n 5 46 involving 17 females; 1st and 3rd quartiles, 148.8 and 172 days, respectively; range 5 131-194 days). The difference between the summer interval and the winter interval was significant (x 2 1 5 128.8, P , 0.0001). The intervals between successive matings recorded for mothers with young differed significantly from those for nonmothers. The median summer interval in mothers with nursing young from the preceding early-summer mating was 219 days (n 5 21 involving 12 females; 1st and 3rd quartiles, 198.5 and 228 days, respectively; range 5 183-245 days), and that in nonmothers was 194 days (n 5 22 involving 13 females; 1st and 3rd quartiles, 188.8 and 209.8 days, respectively; range 5 173-227 days). In the linear mixed-effects model, this difference was significant (P , 0.001; Table 2 ).
The median winter interval in mothers with nursing young from the preceding winter mating season was 171 days (n 5 20 involving 12 females; 1st and 3rd quartiles, 163.3 and 177.5 days, respectively; range 5 149-194 days), and that in nonmothers was 156.5 days (n 5 26 involving 12 females; 1st and 3rd quartiles, 140.5 and 165.3 days, respectively; range 5 131-176 days). In the linear mixed-effects model this difference was significant (P , 0.001; Table 2 ).
The distribution of intervals between mating days for the mothers (Fig. 4) showed a peak of 170-174 days over the winter interval, and the distribution of intervals was less unimodal over the summer interval. In contrast, nonmothers showed a peak of 190-194 days over the summer interval, and the distribution of intervals was evenly distributed over the winter interval.
Young occasionally suckled outside of the maternal nest. In 4 litters suckling was observed 177, 167, 162, and 146 days after the mother's preceding mating date. Assuming a mean gestation period of 74 days (T. Kawamichi, pers. obs.) , this provides estimates of a minimum of 103, 93, 88, and 72 days for lactation. Suckling took place even after the mother had mated in the early-summer mating season after the relatively shorter winter interval (female E in Fig. 3 mated on 5 June 1990 yet still suckled her young on 9 June). Squirrel K mated on the night of 11 June 1986 after having suckled her young in the morning that same day.
The mean gestation period of 74 days and the earliest known age of feeding at 47 days (T. Kawamichi, pers. obs.) were used to estimate the initiation of feeding for weaned young. Apparently the initiation of feeding in April-May by 94 spring litters born in February through March coincides with the lowest ratio of mature leaves and with the largest number of food items through all seasons (Fig. 5) . Similarly, the initiation of feeding in August-September by 59 summer litters born in July-August coincides with the 2nd lowest peak of mature leaves and increased abundance of food items. Initiation of feeding and proportion of mature leaves were strongly related (r s 5 20.672, n 5 10, P 5 0.016), although the correlation between initiation of feeding and number of food items was not significant (r s 5 0.465, n 5 10, P 5 0.128). estimated from gestation periods for 74 days) and feeding initiations (bottom, hatched columns; estimated from earliest feeding at 47 days of age) relative to food availability (top). Monthly food availability is indicated with the ratio of mature leaves in feeding records and the number of food items (Kawamichi 1997a) .
DISCUSSION
This is the 1st study that documents consistent biannual reproduction by females within a population of Holarctic arboreal squirrels. Hayssen (2008) showed that the number of litters per year is 1 or 2, with 2 litters prevailing in arboreal squirrels. Among 30 arboreal sciurids distributed in temperate to cold climates (Nowak 1999) , 9 species (genera Petaurista, Glaucomys, Pteromys, Tamiasciurus, and Sciurus) are capable of reproducing twice a year (Table 3) , and only the complextoothed flying squirrel (Trogopterus xanthipes) is restricted to 1 bout per year (captive study -Wang 1985) .
The frequency of a 2nd reproductive bout in some of these species is low: 2% for the eastern fox squirrel (Sciurus niger), 27% for the eastern gray squirrel (S. carolinensis- Steele and Koprowski 2001) , and up to 31% for the Eurasian flying squirrel (Pteromys volans- Hanski et al. 2000) . A 2nd litter in some populations may be a consequence of differences in food supply and age (Smith and Barkalow 1967; Sullivan 1990 ). In some cases failure of the 1st reproductive attempt could be the prerequisite (Hayssen 2008) . For example, Larsen (1993) found that 2nd litters occurred rarely (4% of female reproductive bouts) in a red squirrel (Tamiasciurus hudsonicus) population, and only when preceded by a failed 1st reproductive bout.
Winter climate can be an ultimate factor affecting survival of both the 2nd litter and mothers. Second litters often are infrequent in boreal sciurid populations (T. hudsonicus [Millar 1970 ] and P. volans [Hanski et al. 2000] ) and cold, severe winters, and diminished food supplies can delay or shorten reproduction in the next spring (T. hudsonicus [Becker 1993; Millar 1970] and S. carolinensis [Gurnell 1996]) .
In this study all adult female residents mated in each of 2 mating seasons. Winter in the study area is mild with occasional and temporary snow cover, which likely does not affect reproduction. Mating frequency was similar between early-summer and winter mating periods, and the proportion of adult females nursing young during the subsequent mating seasons also did not differ.
Compared with tree squirrels, flying squirrels have smaller litters (Goldingay 2000 ; Table 3 ). P. leucogenys and Petaurista philippensis have only 1 or 2 young per litter. P. leucogenys, as the largest flying squirrel, has large birth mass (34 g, hairless and with closed eyes-Baba 2006), which is the heaviest newborn among Holarctic arboreal squirrels listed in Table 3 . The mean gestation period of P. leucogenys is 74.2 days (n 5 25, range 5 72-76 days), which is the longest among these Holarctic arboreal squirrels (T. Kawamichi, pers. obs.) . Reproductive characteristics in P. leucogenys show the uniqueness of this genus among Holarctic arboreal squirrels.
Female P. leucogenys producing successive litters are investing in reproduction year-round, because each reproductive bout takes 4-6 months. Further, weaned young of both sexes stay in maternal territories until 1-1.5 years of age (Kawamichi 1997b) , so overall, the investment by these females in reproduction is great. Seasonal food availability and mild winters in central Japan may enable this most extreme form of reproductive investment by females, perhaps 90 days Lee et al. 1992 Lee et al. , 1993 Glaucomys volans Jan.-Mar. and Jul.-Aug.
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Average 3-5 6-8 weeks Dolan and Carter 1977; Goertz et al. 1975; Nowak 1999; Sollberger 1943 Pteromys volans Mating is largely restricted to early spring-summer in 8 other species (Table 3) , but P. leucogenys shows completely different mating seasons (early summer and winter). The atypical mating seasons of P. leucogenys may be tied to food availability for weaned young. Normally, temperate forests supply arboreal sciurids with pulses of food twice a year: young leaves and buds in spring, and various seeds in late summer and autumn (Nixon et al. 1968; Thompson and Thompson 1980) . Temporal patterns of food in Japanese temperate forests (Ando et al. 1985b; Kawamichi 1997a ) may explain the unusual life history of P. leucogenys. Kawamichi (1997a) showed trends in monthly food availability, specifically the proportion of mature leaves (fully extended leaves) in feeding records (inversely related to food availability) and the total sum of food items, including leaf, bud, wood, flower, staminate cone, fruit, or seed in plant species foraged for each month.
The timing of initiation of feeding for weaned young in April-May and August-September was correlated with a lower proportion of mature leaves. This strongly indicates that the timing of seasonally different mating seasons (early summer and winter) appears to be a response to the long gestation and lactation period, thus ensuring that weaning occurs in months of highest food availability.
Pregnant females of the Indian giant flying squirrel (P. philippensis) in Taiwan have been detected during DecemberFebruary and June-August using anatomical surveys (Lee et al. 1993) . Therefore, females of this species mate mainly during December-January (2 months) and then again in May-July (3 months). These durations differ from those for P. leucogenys. Food availability and food habits of P. philippensis in Taiwan (Kuo and Lee 2003 ) also appear to coincide with the initiation of feeding by weaned young and the months of favorable food items, if its gestation period is similar to that of P. leucogenys.
The long interval between mating seasons (.74 days of gestation) suggests that females did not experience postpartum estrus. A newborn can be weaned from 47 days of age (the earliest feeding-T. Kawamichi, pers. obs.) to 103 days after parturition (the latest suckling). If 74 days for gestation were included, 121-177 days after mating appears to be the range of transition time required to wean offspring following conception.
The winter interval for mothers nursing young varied from 149 to 194 days, and interval peak occurred at 170-174 days. This mating interval overlapped considerably with the transition time (121-177 days) to wean offspring. In contrast, in summer the mating interval for mothers ranged from 183 to 245 days, which exceeded the range of transition time, and the distribution of mating intervals for mothers was less variable. These facts indicate strongly that delayed estrus for mothers was due to the time to wean young from a previous litter. Suckling young was, however, observed even after early-summer mating, suggesting that the cessation of lactation is not a prerequisite for the onset of estrus.
The distribution of mating intervals for nonmothers was opposite that of mothers: a peak of observations occurred in the early period over the long summer interval, but mating intervals were distributed more evenly over the short winter interval. Therefore, adult females without young appear to come into estrus early in winter.
The relatively short summer mating season documented in this species may be explained by considering 2 aspects of the reproductive cycle. First, the short early-summer mating season results in concentrated periods of parturition and the initiation of feeding. The parturition period does not seem to occur at an optimal time in terms of summer climate. Further, food availability does not change drastically at this time, even if the initiation of feeding was extended 1 month. Therefore, the concentrated timing of estrus does not seem to be caused by selection acting to ensure parturition and weaning when weather is favorable and food is readily available.
Secondly, testes regress shortly after early summer. No males have fully developed testes by July, and from the 1st half of August all testes are in the process of redevelopment (Kawamichi 1998) . Therefore, the concentrated timing of estrus in early summer was followed by regression of the testes. The relatively longer summer interval along with the relatively short summer mating period suggests that selection (possibly due in part to the constraint caused by testis regression) has occurred.
Isolated females in captivity recycle into estrus about 1.5-2 months after an initial estrus (T. Kawamichi, pers. obs.) . Regression of testes in the field therefore would negate a pregnancy due to a 2nd estrus, even if the females failed to conceive during the early-summer mating season. If females could recycle into estrus during July-August, the young produced from the mating would be weaned in NovemberDecember, a time when food supplies are suboptimal. Thus, females may benefit from delaying estrus and mating. At no time in this study did I detect a late-weaned summer litter that would have suggested an unusually late timing of a 2nd estrus. This also is the case for spring litters, although testes do not regress during winter. Testes of male P. philippensis regress twice: during June-August and December-February (Lee et al. 1993) , presumably soon after the end of each mating season. The differences between these species are not fully understood.
The onset of each mating season occurred approximately 1 month before summer or winter solstices. The earliest mating date in early summer (12 May) was 40 days before the summer solstice (about 21 June), and that in winter (17 November) 35 days before the winter solstice (about 22 December). The proestrous period up to 42 days suggests that the physiological process of estrus was initiated after either equinox (about 21 March or about 23 September).
Photoperiod as a proximate reproductive cue in both sexes is widely known in mammals (Bronson 1989) . Also, in the southern flying squirrel (Glaucomys volans) photoperiod influences testicular descent (Muul 1969) . In T. hudsonicus estrus is entrained experimentally by increasing day length (Becker 1993) . If photoperiod induces estrus in P. leucogenys, it is possible that a short day length acts as a cue for the winter mating season, and increasing day length may affect early-summer estrus. This alternating relationship to photoperiod as a cue for reproduction within a species has not been reported in other mammals.
Small mammals below 30u latitude may cease to use photoperiod as a proximate reproductive cue in both sexes and become opportunistic (Bernard and Hall 1995; Bronson 1989) . The cue for estrus in P. philippensis at 23uN (Lee et al. 1993) therefore may be nonphotoresponsive, but P. leucogenys at 34uN (this study) may be governed by photoperiod. Future research is required for a better understanding of this interesting and unusual reproductive system in sciurids.
